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THEORETICAL EVALUATION OF METHODIS OF COOLING
THE BLABES OF GAS TURBINES

By J. C. Sanders and Alexander Mendelson

SUMMARY

A theoretical analysis of the effects of various methods of
cooling turbine blades with consequent increase in permissible gas
tempersture on turbilne-cycle efficilency 1s presented. A study was
made of the heat-transfer process in turbine blades and the effects
on blade temperatures of cooling the blede root and tip, changing
the dimensions of the blade, ralsing the cycle temperatuves, Insu-
leting with ceramica, and cooling by circulstion of elr or water
* through hollow blades were dstermined. It was found that cooling

the root of the blade, shortening the blade, and cooling hollow
blades internally with air or liquid offer possiblllties of substan-~
tial increases in permissible gos temperatures and correspondingly
in cycle efficliency. Cooling the tip of the blade and cosbting the
blade with ceramic wers relatlvely ineffective.

INTRODUCTION

The maximum permisgible gas temperature imposes limits on both
the efflciency end the power of gas turblnes as has been shown by
the calculations of Stodola (reference 1) and Plening (reference 2).
Currently used gas turbines can be made more compact and powerful
than the conventional reciprocating gasoline engine, but because of
the tempersture limitatlons, the efflclency 1s much lower. It is
particularly desirable therefore to Increase the cycle temperatures.

Cycle temperatures are limited by the destructlve effects of
high temperatures on turbine blades, nozzles, and combustion chambers.
In reference 3 it wes pointed out that the turbine bladeg operate in
gas 8t a lower temperature than the gas in the combugtion chambsers
and the nozzles but that the blsdes of the turbine operate under
much higher streses as & result of the high rotative speed. In fact,
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the rotative.speed 1s limited by the high-temperature-fallure prop-
orties of the blades and wheel. Consequently, the most important
problem sucountered in Inecrecasing cycle temporatures is providing
meens of preventing turbine fallures due to overheating.

The tendency of turbine blades to fail in the presence of high-
temperature gases may be reduced by sclecting blade materials more
resistant to creep emd rupture and by sc cooling the blades that
they coperate at safe temperatures, The following means of cooling
turbine bledes have been proposed or used: conduction of heat to
cooled root or tlp; protection of the blades with laysrs of ceramic
heat Insulator; internal cooling of hollow blades with alr, water,
or other fluld; cooling by radiation to cold radlation shlelds; and
alternate flow of hot and cold gas through the turbine.

An analysis wams mede at the NACA (leveland Laboratory in the
spring of 1945 to determine whether turbine-blade cooling can pro-
vide sufficient incresse in permisslble cycle tempsratures to
Justify a program of research on turbine cooling. The heat-transfer
processes in turbine blades are analyzed and an equation for tho com-
putation of the approximate blede temperaturvs is derlved., In one
apecific. case, the approximete one-dimensional solution is compared
wlth a more Informative two-dimensional solution tao 1llustrats the
magnitude of the error in the one-dimenslional approximation. Sur-
face heat-transfer coefficlents, creep characteristics, and rupture
characteristics were obtelined from literature. The approximate one-
dimensional solution is used to compute the effects on blade temper-
aturss of cooling the blade root and tilp, changing the dimensiona of
the blade, raising the cycle temperatures, insulating with ceramics,
and cooling by clrculation of alr or water through hollow blades.

In each cage the effectiveness of the cooling in reducing creep and
Increasing the time to rupture was estimated and the equivalent
increese In permissible cycle temperatures was determined, The
results of these computations are uged as a basis for rocommending
roseaxrch on turbine cooling.

LIST OF SYMBOLS
The followlng symbols are used in the analysis:

A cromsg-gectlonal arsea of blade

a, b, experimental constants

LY

C perimeter of turbins blade

c! internal perimeter of hollow blads
®LTER T
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specific heat at constant pressure

insides dlameter based on hydraulic radius

°p
b
E activitation snergy
G mass veloclty of gas
hg

coefficient of heat transfer between turbine blade and
internal coclant

hg coefficient of hest tranafer between hot gas and turbine blade
h, equivalent rediation heat-transfer coefflcient
k thermal conductivity of turbline blade
kg, thermal conductivity of coolant
. L length of turbine blade
M paremeter defined by M = hyC'/EA
P parameter defined by P = %E (l + E—: + %—‘ %E)
Qe heat flow per unit ‘bin'ie along the blade
Arg heat radiated per unit time from turbine blade
dga heat transferred per unit time from turbine blade t0 internal
coolant
qu heat absorbed per unit time by surface of turbine blade
R + parameter defined by %E_ Tg + Ehi To + -g—f- -E-z T59
ry radiuvse of turbine wheel at blade recot
ro radius of turbine wheel at blade tip
S applied tensile stress
T . temperatures at any poizit on turblne blade
! Ty tempex:ature of internsl coolant of turbine blade

Tay initial temperature of internal coolant of turbine blade
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Ty tempersture at base of blade

Te equivalent temperaturs defined by R/P

TS temperature of hot gas

Ty temperature of cold body o

v veloclty of gas

w wldth of turbine blade

X distance from leading edge to point under consideration
¥y distance from base of blade to any point on blade

As increase In entropy

Ay increment along length of bladse

o] raote of elongation

p absolute viscoalty

v kinematlc viscorlty of gas

0 density of gas

o] Stefan-Boltzmann constant

ANATYSTS
Reat~-Transfer Procesees in Turbine Blades

Equation for temperature digtribuvtion in turbine blades. - The
heat-tranafer processes are first apalyzed for & hcllow blade cooled
by internal circulation of coclant and by conduction and radiation.
By proper substitution of ccefficients, the resultant equation
reduces tc a gimpler ons for a solid blade. A one-dimensional
analysis similar to that glven by Carslaw (referenco 4, p. 66) for a
thin rod radiating heat is used. In the present analysis, the heat
transfers by convection and radiation are separately accounted four
and the temperature of only one ond of the blade i1s agsumed kunown.

The following sketch shows the significant dimensions and
envirommentel temperatureos:
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In the one-dimensional solution, the temperatures at all points
in a gectlon perpendicular to bthe axis of the blade are assumed
equal and the surface cosefficlent of heat tranefer i1s constant over
the entire surface of the blade. The final equation for the temper-
ature distribution in the blade, whlch is derived In the appendix,
as equetbicn (25) is .

—_ _ cosh [/P (L—sr)]-(T ) Mo sinh (/P ¥) _be_
& = cosh WP L) b 3'P3/2cosh(ﬁL)+P 7

In the case of a solid blade, M reduces to zero and the equa-
tilon becomes

T - Te _ cogh [‘\/? (L - y)] (l)

T, - T cosh (VP L)
where P. and 'I‘e becone
. hC/ B\
P=—ofist (2)
kA h
4
Th +Th,
] Te =28 2% (3)
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Surface coefficient of hest transfer fram hot gas. - Lelchuk
(reference 5) found by experiment with flow inside & plps that the
equation developed by Nikuradse for computing the coefflclent of
friction and heat transfer and the numerical values of the constants
usually used. with thie eguation applied equally well for a range of
airspeeds up to a Mach number of 1 provided that the stagnation tem-
porature of the gas is used rather than the free-stream temperature.
This principle was assumed by Crocco (reference 8) to apply to the
cage of heat transfer from a flat plate to a stream of high-velocity
gas. By substitution of the symbols used hersin, his eguation for .-
the average coefficient is

1/5

U [
= 0.0356 poyV (ﬁ) (4)

i
]

=

The computed valus of h8 is shown in figure 1 at the following
conditions assumed for the calcmlatlions 1n this report:

Nozzle pressure ratio . . . . - O Y o
Presaure in tail pipe, pourds per square gnch B - S 4
Mean peripheral veloclty of blade, feet per second . . . . . 1200

Actually thoe coefficient of heat transfer varies from a high
value at the leading edge of the blade to a low valus at the trailing
edge, as has been shown by Squire {reference 7) in the case of an
airfoil. Equation (4) for the average coeffioclent was derived by
integrating the heat dissipation from the leadlng edge to the brail-
ing edge and dlviding by the chord. The following equation for the
local coefficient of heat transfer hgl is thereby obtained by

the proper differcntiation of the equation for the average coeffi-

cient
1/5
-4 v -1/5 5
g =% [o.osss ooV (_v ] x (s)

The local coefficlent of heat transfer is showrn in figure 2
when the temperaturc of the gas in the nozzle box is 1600° ¥ and the
other conditions are the seme as for figure 1. Those local coeffl-
clents wers uscd in the two-dimensional anslysle made to determine
thoe error 1n the simple one-dimsnsicnal solution.

Coofficient of heat tramsfer to cooling fluid. - The coeffi-
cient of heat transfer between the blade and the ceoolant circuluting *
inside wae assumed tc be the same ap in a circular pipe of the same
hydraullc radive. The coefficient of heat transfer in a circular
pipe was shown in reference 8 (p. 168) to be ’
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| %:-D - 0.023 (;E)O'B (g)OA (6)

Thermal conductlivity. - A survey of alloys of high nickel-
chromium content (reference 9) led to a selection of 0.674 Btu/(hr)
(sq in:)(°F/in.) for the thermal condnctivity in this analysis.

Comparison of temperature distributions in a solid blade
cbtained with one-dimernsional and with two-dimensional analysim, -
The tempersbure distribution throughout the solid blads was computed
by a two-dimensional network. The method consistse in selecting a
convenient number of poinis throughout the blade, assuming them to
bs connected by heat-oconducting rods, and solving simultaneously the
eguations obtained by setting the total heat flow inte each Junction
of the network egual to zero. This method permlts the prcper recog-
nition of the effects of the actual variation in thiclmess of the
blade section and the variation in surface coefficient of heat trans-
for from the leading edge to the trailing edge. This method, however,
« is too tedious and cumbersame for general use in the preliminary sur-

vey of methods of cooling turbine biades. A more simple and approxi-
mate relaxation method es formulated in roference 10 can he used.

The results of these computaticns for ons specific case are
campared in figurse 3 with the one-dimensional sclution for the samo
conditions. The one-dimsnsional solution agrees very well with the
twe-dimensional solution for the center of the blads but the two-~
dimensicnal solution shows bhoth the leading edge and the trailing
adge to be hotter. The higher tempeuraturc of the leading and trail-
ing edges is expocted because the aurfaco coofficient ls highest
over the forward surfaces and the tapering of the trailing odge makes
hoat removel by conduction more difficult.

Time-rupture and crecep characteoristics of turbine-blade mato-
rials. - High blade temperatures may cause blade failure in several
ways, such as tenslle rupture amd creep, oxldation, and chipping and
distortion of thin blade edges. The tensile rupture and the creep
are the most important and sre +therefors considered 1in this
analysis., The time-rupture properties probably have more effect on
turbire fallure than the creep characteristics but the egquations
relating creep to stress and tempsrature have boen more fully
developed than those for time rupture. Most of the analysis of the
effectiveness of blade ccoling is therefore besed upon cresp and
in one case the results obtainmed by creep enalysis are compared with

. an analysis using time-rupture characteristics.
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Creep characteristics. - The following empirical eguetions
relating second-stage creep to stress and terperature were proposed
wn reference 1ll:

8 = 2m sink (aS) (7)
m Ag E
1°810<f>= 10.319 + o577 T T T ETT T (8)

log, & = —(c + %) , (9)

Sufficient data on the second-stage creep of alloys used in gas
turblnes to evaluate the constants for these equations are unavaillable.
The best alloy for which adequate data are available was 18:8 stain-
less steel (reference 12, p. 218). The values of the constants for
this metal are ag follows:

AS = -10.66
E = -2778
¢ = -1.695
b = 1135

Time-rupture characteristics. - Reliable time-rupture data were
obtained from investigations carried out at the University of
Michigan for meterials considered for blades of gas turbines. The
alloy Vitallium having the following percentage composition was
chosen for this analysis:

C Mn Si Cr Ni Co Mc - TFe
O,2¢ 0.98 0.6 27.6 3.06 Balance 5.13 1.76

The same type of empirical squation was used for the correlation
of the time-rupture data as for the creep data.

Stresses in the turbine blades. - Only centrifugal loads wers
consldered in the computation of blade stresses. The shearing stross
resulting from the force of the gas on the blade 1s small and defor-
metion in bending praceeds until a neutral configuration with no
bending stress is achleved. With high peripheral apeed, the deflec-
tion to this equilibrium configuration 1e small. Streas concentration
at the root of the blade 18 also neglected. This simplification is
Justified by the agreement between the indicated point of fallure
shown in the following sections of this report and the examination
of actual blade failures in accelerated destruction tests.
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The following equation for the streas in the turbine blade was
derived from simple kinematic principles:

2 2
S = %(;&) {I‘za - 1'2 - (L - y)] } (10)
2/

The outer radius was assumed to be 11.48 inches and the periph-

eral velocity at 9 inches was assumed to be 1200 feet per secornd.
EVALUATION OF METHODS OF COOLING TURBINE BLADES

The methods of cooling turbine blades and reducling thelr creep
sre considered in this section end are listed below in the order in
which they are discussed:

1, Cooling root of blade

‘ 2. Cooling tip of blade

3. Reducing blade length

4. Decreasing value of C/kA

5. Thermal ingulation with ceramlc coating

6. Circulation of air through hollow blades

7. Girculation of water through hollow blades

Cooling root of blade. - The effects of root temperature on

blade temperatures were computed by the one-~dimensional solution for
a blede whose dimensions and operatling conditions were as follows:

Blade length I, INCHGE + + v+ » o « + « o « o s« o o o« o « ¢ o C.48
Blade perimeter C, Inches . « « + « « « + s s ¢ o ¢ = s « o« 3.4
Cross-sectional area of blade A, square Inch , . . . . « . . 0.18
Temperature of surface absorbing radletion, °% , ... ... 1000

When the root of the blade is cooled to 400° F, blade tempera-
tures in the vicinity of the root are reduced, but half the length
of the blade is unaffected (fig. 4). The stress is a maximum at the
root, however, snd diminishes to zero at the tip. Computation of
the local creep rates and rupture time along the blade show that
points of higheat creep and shortest time to rupture lile in the zone
influenced by cooling of the root. (See figs. 5 and 6,) Cooling aof
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the root progressively shifted the weakest point from the root in
the case of no cooling to a point 0.8 inch from the root when the
temperature was reduced to 400° F. A more detalled snalysis of the
effect of root cooling 1s presented in reference 13.

A digresslon on the distoibution of cresp and rupture time
along the blade would be desirasble to show the nature of blade fall-
ures in gas turbines. The tenth root of ‘the rate of creep has been
plotted in figure 5 to make possible the reading of the creep from
the curve. The creep rate plotted directly in figure 7 shows a
narrow region of high creep 0.6 inch from the root and practically
no creep either nsarer to or farthor from the roct. This narrow
roglon of high coreep 1s a woak zone whers tho blade would be expoctod
to fall in tensile creop. An analysis using the rupturc time ylelds
approximately the same result. Examination of turbines that have
been tested to destruction in accelerated torgquo-stand tusts clearly
show such a zonc of tamperature demarcation and rupture.

FPigures eimilar to figure 5 wore preparcd for cases where the
temperature of the gas in the nozzle box is 18000 and. 2000° F and
the maximum values of creep along the blade were read fram the curves
and plotted in figure 8. Fram figure €, an estlmate of the increase
in permissible nozzle-box temperature accumpanying reduction of
blade-root temperature can be obtained. Thus, if a nogzle-box tem-
perature of 1600° F is permitted when tho root temperature is 1192° F,
then cogling the root to 8Q0° F will permit a nozzle box ‘temperature
of 1700

Cocling tip of blade. - Cooling of the tip of the blade to 400° F
has no effect on the tomperature of the critical region of the blade
(fig. 9). Consequently, cooling of the tip of the blade is inef-
fective in raising the permissible temperature of the gas in the
nozzle bex when blades of this length are used. Cooling of the tlp
would be beneficial with very short blades.

Reducing blade length. - Reducing the length of the turbine
blade had Iittle effect on temperature distribution because blade
temperatures ars uniform at distances greater than 1.0 inch from the
base. The shortening of the blade, however, reduces the tensile
strses and consegquently the rate of creep as shown 1In figure 10.

The reduction in maximum creep with decrease in blade length is so
great that reducing the blado length from 2.5 inches to 1.5 inches
pormites an increase In nozzle-box tomperature of more than 400° F.

Decreasing value of C/kA, - Incrcasing tho conduction of heat
to the root of the blade could be achieved by ducreasing thoe ratio
of the perimeter to the area of the cross ssction of the blade C/xA
and by increasing the thermal conductivity of the blade matorial,
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These factors influence temperature and creep through thelr effect
on the parameber
h,C h,.

P=% l+"h—'
g

The effects of this parameter P on the maximum rate of creep
are shown in figure 11. When P is reduced fram 25 to 15 inches
(which is equivalent to a 40-percent reducticn in the ratio of perim-
eter to area or =& 67-percent increasge in thermal conduotivity), the
permissible nozzle-box terperaturs is increased 40° F.

Thermal insulation with ceramic coating. - Computations were
made of the effectiveness of & layer of a ceramlc material on the
surface of the bladse In insulsting the blade from the hot gas and
thereby reducing its tempersture and cresp. A layer of alumimm .s1li-

" cate 0,02 inch thick was 2ssumed for a blade whose maximum thickness
was 0.20 inch. The ceramlc was assumed to be selfsupporting. The
creep of the blade (fig. 12) is not signlficantly reduced. This con-
clusion does nct apply to the solid ceramic blade nor does it evaluate
the effectiveness of the ceramic coating in preventing corrosion and
chipping of the blade edges. '

Circulation of alr through hcllow burbine blades. - Circulation
of alr through hollow turblne blades as a means of cooling the blades
has been used by Lorenzen (reference 1l4). The cooling air is intro-
duced at the prevailing atmospheric pressure through an opening at .
the center of the turbine wheel and flowa radially through the hollow
wheel and hlades where it is discharged at high veloclty to &
stationary diffuser, which recovers the excess kinetic energy of the
2lr by converting it to pressure energy. This arrangement 1ls shown
in figure 13. .

For purposes of this analysis, the following assumptlons were
made: (1) Tho extermal shape of the hollow blade was the same as
that used in the computation of figure 3 for the solild blade; (2)
the elr passage was assumed tc be 75 percent of the totel cross-
sectlional area of the. blade; (3) the twrbine wheel had 70 blades and
operated with a flow of 30 pounds of working filuld per second thersby
permitting the quantity of cooling alr to be expressed as a percent-
age of the worklng fluid; and (4) the blade-root temperature was
maintained at 600° F,

The effectiveness of the cooling air in reducing blade tempeora- .
tures 1s shown in figure 14. FEvoen a small flow of cooling air
. gmounting to 2.5 percent of the working fiuld reduced tho muximum
blade temperature from 1192° F in the case of the solid blade to
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990° F with air cooling. The corrosponding reductions in maximmm
rate of creep ere shown In figure 15. If a solid blade with a root
tamperature of 600° F can operate with a temperature in the nozzle
box of 1600° F, the hollow blade with an alr clirculation of 2.5 per-
cent of the working fluid should be able to operste with a nozisle-
box temperature of 1940° F.

A comparison of the over-all cycle efficlencles of a gas turbine
with solid blades and one with alr-cooled blades is shown in the fol-
lowing table. A nozzle-box tempsraturs of 1600° F was assumed for

the turbine with the solid blades and 2000° F for the one with the
alr-cooled blades; efficiencles of 0.9 were assumed for the turbine

and the compressor; and optimum pressure ratio, as shown in figure 16,
wag used in each case.

Pressure recovery Over-all cycle

for ¢ooling air eff'iciency
Uncooled turbine —-—— 0.338
Air-cooled turbine 1.0 . 395
Domrmewcenm e 5 .393
Do~mcmmecrccca e 0 .391

This comparison shows that even in the extreme case whers none
of the ensrgy of the cooling air is recovered, a net improvement in
cycle efficiency results from the higher permisasible temperature in
the nozgle box. Cooling of the turbine blades by éirculation of air
through hollow bladee thersfore appears to be practicable in splte
of the fact that the sir-ccoled blades which have heen tried have
met with little success. The probable difficulty with these tur-
bines is that all of the working fluid first pasased through the
hollow blades as coolant and received the natural ccapression.
Because thie compression efficlency 18 low as & result of limite-
tione on the proportions of the blades and the cycle efficiency
is very sensitive to compressor efficiency, the efficiency of such
& gea-turbine engine ls néceasarily low. The advantage of air cool-
ing cen be realized only in engines using & emall flow of cooling
air with respect to working fluid flow.

Circulation of water through hollow blades. - Computations were
mede on the temperatures in the water-cooled blade shown in filgure 17,
which compares the two-dimensional temperature distribution in the
water-ocoled blade with that of the solid bledo (fig. 3). The emall
coolant flow of 0.0222 pound per second was very effective in reducing
blade temperatures. Computation of the power required to circulate
the weter by the common method of camputing friction in pipes shows
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a very small poweir dissipation of 0,0012 horsepouwer per hlade. The
statement was made in reference 15 (pp. 158—161), however, that the

¢ fluid friction in a plpe in the field of high ascceleration induces a
superturbulence, which may Increase the friction loss as much as a
thousand times. Aslde from this possibility of very high pumping
lossg, water cooling of turbine blades appears to be effective and
practlicadble.

SUMMARY OF RESULTS

From & theoretical analysis of the various methods of cooling
turbine blades, it was found that sufficlent Improvements in the
efficiency of gas-turbine engines may be cbtained through cooling
the turbine blades to Justify extensive research in turbine cooling.
Cooling of the root of the blade, shortening the blade, and cooling

- hollow bledes internally with air or liquid offer possibilities of
substantial increases in permissible gas temperatures., Cooling of
the tip of the blade and coeting the blade with a ceramic wers rel-

. atively ineffective.

Alrcraft Engine Research Laboratory,
. National Advisory Committee for Aeronautics,
Cleveland, &hio.
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APPENDIX - ONE-DIMENSIONAL TEMPERATTRE DISTRIBUTION

The heat absorbed per uult time over the ‘surface of an elsment
of the blade length Ay ifrow the hot working fluild is

Agg, = hg (Tg - T) CAy (11)

Only a negligible amount of heat is directly transferred Irom
the gaa to the blade by rediation but heat is radiated directly
frem the blade to the cooler tail pipe and perhaps to the nozzle
box. The entiro blade was assumed to be rediating to a reglon at
1000° F. The heat radiated ner unit time from the element of the

~ blade is ) o ; - o T o

8ap, = 0 (T% - T,%) cay (12)

wvhere C is the Stefan-Boltzmann constant. The use of this relation
results in a nonlinear diffserential equation, which ls difficult to
solve. However, McAdsms (referonce 8, fig. 27) has computed the
oguivalent heat-transfer coefflicients based upon the flrst powor of
the temperature difference. The radiation is therefore cssumed to
follow the law oo T Ty T

Agypg = hp (T - Tp) CAy (13)
where b,  is, in thls case, the coefflcient equivalent for radia-
tion. A meen valus taken from reference 8, filgure 27, was used.

The heat flow through the clement Ay in the direction along
the blade is

2
a=T
Aq, = -KA E_;E Ay (14)

The heat removed from tho blade section of lungth Ay by the circu-
lation of the intermal coclant is

Agg, = hy (T - Ty) C'ay (15)
The temperature T, of the cooling air risce aa tho air passes
through tho blade. Tho assumption that the temperature increases in

proportion to its dlstunce of travel in the blade 1s reasonnbly
accurate and produccs equations simplo enough to solve

Tp = Tg, + OF (16)
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Then
‘ bgs = By (T - Ta, - o3) C'o¥ (17)

The equation for the tomporaturs distribution along tho bledo
ig derived by equating the sum of the heat flows thrrnugh thoe blodo
portion Ay to zero and solving the resultsnt linear difforontiul
equation for T.

Begy = Adpg - Aqg - Aggy = o] (18)
Substituting the expressicns for these terms glves
a2z
hg(Tg - T)CAy - hn(T - T,)CAy + KA E;E-Ay - b {(FT-Tqy-cF C'Ay = O
. (13)
Letting _ .
. P=—-— Er_ BN
kA bg a hs}
h C b
w s By © 1)
BaC’
=i

When the limit is taken as Ay approaches zero, the following 4if-
ferential equation is obtained:

932 -PT +R + Mey = O (20)
dy?
The general solubtion of the reduced equation is
T = 8163NF- -3/ P (21)
where ay and 8, "are constants of integratiop. A particular

golution of the equation ia

Mc R
T=%3+53 (22)
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The general solution is the sum of these two solutilons

e s VT -y P Me R 23
T = a0 + 850 + 5 ¥+ (23)
Let R/P =T,

T -Ty = alenyF + :3.29-‘1"r“’f.F + %ﬁ v (24)

The oconstants are evaluated by letting T = Ty wvwhen y =0,
ar .

and == = O when ¥y = L,
dy

The final equation then bescomes

- cosh[ﬁ(L-y)] (T - ) Me ©inh «P 1) Mo
T e ¥ T sosh (VP L) b e/~ ;375 cosh (/T L)} P

¥ (25)
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Figure 1. = Effect of nozzle-box temperature on surface coefficlent of
heat transfer at turbine bladea when pressure ratio and blade veloclity
are maintained constant. Pressure ratio, 3.0; mean veloclty of blades,
1200 feet per second. :
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' . Plgure 2. - Variation of surface coefficlent of heat transfer from stream
of gas at high veloeity to flat plate parallel to the wind stream.
Velocity of gas stream, 14,25 feet per second; free-_stream temperature,
1090° F; stream pressure, 1,7 pounds per square inch.
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Figure 3 .- Computed two-dimensional temperature distributiom in
turbine blade. Nozzle-box temperature, 1600° F; pressure ratlo,

3.0; mean blade veloclity, 1200 feet per second; blade-root

temperature, 800° F; radiation to cold body at 1000° F.
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- tion in gas-turbine blade. (nC/kA), 21.4; radiation to cold body at
1000° F; blade length, 2.48 inches.
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Flgure 5. - Creep dlstribution along blade of gas turbine when the

blade root i1s cooled to specified temperatures. Pressure ratio, .
5.0é mean blade veloclty, 1200 feet per second; blade material,
18:8 stainless steel; nozzle-box temperature, 1600° F,
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Pigure 6. - Distribution of rate of fallure by high-temperature rupture
along gas-turbine blade when blade root is cooled to specified tempera=
tures. Mean blade velocity, 1200 feet per second; material, Vitallium;

nozzle-box temperature, 1600° F,
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Pilgure 7. - Illvustration of critical zone of fallure in turbine blade. .
Mean blade veloelty, 1200 feet per second; blade materfal, 18:8 stain-

less steel; nozzle-box temperature, 1600° F,



Security Classification of This Report Has Been Cancelled

NACA RM No. E78Bllg Fig.

NAT ONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Tempgrature
7 Ong e
root},
é /11192
| 8ool

i::/'hﬂo

/
7

]
oz

u .
%
1

3 ]
—
HI.E /
8 2-—“"_,7"”’/2 T
@ ]
£ 1 "]
=
'2600 1800 2000

Nozzle-box temperature, °F

Figure 8, - Effect of nozzle-box temperature on maximum creep rate in
. turbine blade with blade-root temperature maintained at 11523 800¢

and 11.000 F.



Security Classification of This Report Has Been Cancelled

Fig. 9 NACA RM No. E7Bllg
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
bemporaturb of gas ih nozizle box
1600
1,00
. on purbihe blade
o IR, (EEDENR NN SN SN TSN SRR SN
o 1200
b
% ////’ ladp te e
t 1/
glooo/
800
600
hOOU 5 1.0 1.5 2.0 2.5

Distance from root of blade, in.

Pigure 9. - Effect of temperature of
(hC/kh), 21.4;
2.48 inches.

tion in gas-turbine blade.
at 1000° F; blade length,

blade tip on temperature distribu-

radiation to a cold body



Security Classification of This Report Has Been Cancelled

483

NACA RM No. E78|ig Fig. 10
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Bl ad
length

(in.)

. > Y

L
g 3 //
4
o
b~
2 //
1 /105
/
/
/-—/J
1 [ ——— 1.0
0

1600 1800 2000

Figgr

Nozzle-box temperature, °F

e 10, - Effect of blade length on maximum rate of blade creep, P,
pressure ratio, 3.0; mean blade wveloclty, 1200 feet per second;

blade material, 18:8 stalnless steel,
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Figure 12. - Bffect of ceramic coating on maximum rate of creeg in blade.
. Mean blade veloclty, 1200 feet per second; blade length, 2.48 1inches;
blade material, 1838 stainless steel.
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Figure 1li. - Effect on blade temperatures of clreculating cooling air
Root temperature maintalned constant at 600° F;
nozzle-box temperature, 1600° F; pressure ratioc, 3.0; mean blade speed,

through hollow blades.
1200 feet per second.
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Figure 17. - Computed two-dimensional temperature distribution in
water-cooled turbine blade, Nozzle-box temperature, 1600° F; pres-
sure ratio, 3.0;mean blade velocity, 1200 feet per second; blade-
root temperature, 8000 F; radiation®to cold body at 1000° F; inlet-
water temperature, 100° F; outlet water temperature, 184° F,
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